A targeted metagenomic approach was applied to investigate magnetotactic bacteria (MTB) within the phylum Nitrospirae in Lake Miyun near Beijing, China. Five fosmids containing rRNA operons were identified. Comparative sequence analysis of a total of 172 kb provided new insights into their genome organization and revealed unexpected subgenomic diversity of uncultivated MTB in the phylum Nitrospirae. In addition, affiliation of two novel MTB with the phylum Nitrospirae was verified by fluorescence in situ hybridization. One of them was morphologically similar to "Candidatus Magnetobacterium bavaricum," but the other differed substantially in cell shape and magnetosome organization from all previously described "Ca. Magnetobacterium bavaricum"-like bacteria.
Magnetotactic bacteria (MTB) are a phylogenetically and morphologically diverse group of microorganisms which can synthesize iron minerals of magnetite (Fe 3 O 4 ) or greigite (Fe 3 S 4 ) within complex subcellular structures, the magnetosomes (3, 4) . These biologically mineralized crystals are nanometer sized and have species-specific shapes, implying that their formation is under strict genetic control (10, 18) . Magnetosomes allow MTB to swim along the Earth's magnetic field lines and thereby orient themselves in chemically stratified aquatic environments (4) . Currently, most reported MTB belong to Proteobacteria, while three uncultivated species are affiliated with the phylum Nitrospirae (2, 12) .
MTB within the phylum Nitrospirae were first identified through a 16S rRNA gene-based survey in Lake Chiemsee near Munich, Germany (24) . The giant rod-shaped bacterium named "Candidatus Magnetobacterium bavaricum" can synthesize hundreds of bullet-shaped magnetosomes arranged into several bundles of chains within individual cells. Up to 7 ϫ 10 5 cells of "Ca. Magnetobacterium bavaricum" per cm 3 in the first few millimeters of sediment were found, and based on their large biovolume they are likely to play an important ecological role in biogeochemical cycling of iron and sulfur and sedimentary magnetism (9, 19, 24) . Recently, MTB which are phylogenetically affiliated within the phylum Nitrospirae (known as "Ca. Magnetobacterium bavaricum"-like bacteria) have also been detected in Lake Waller See near Bremen, Germany (5), Lake Miyun near Beijing, China (13) (14) (15) , and even hot springs in Nevada (12) . Since these MTB have proven recalcitrant to cultivation, little is known about their genomic content or physiological potential.
Recently, we have developed an efficient strategy for targeted metagenomic analysis of uncultivated MTB, including "Ca. Magnetobacterium bavaricum" (8, 9) . Our results have shown the first insight into the genome of "Ca. Magnetobacterium bavaricum," which contains a gene encoding a putative RubisCO-like protein (RLP), potentially involved in sulfur metabolism (9) . In the present study, we used a metagenomic approach to characterize the diversity and partial genomic sequences of related "Ca. Magnetobacterium bavaricum"-like bacteria in Lake Miyun, China.
Sediments from the topmost 5 to 10 cm from Lake Miyun (40°29Ј19.45ЉN, 117°0Ј25.71ЉE) were sampled and subsequently aliquoted into 600-ml plastic bottles (microcosms) in the laboratory. Each microcosm was checked periodically by light microscopy using the hanging-drop method (6). Nineteen of more than 100 microcosms were found to be rich in "Ca. Magnetobacterium bavaricum"-like bacteria (Ͼ10 3 cells/cm 3 ). Thus, they were selected for subsequent metagenomic analysis. A two-step magnetic enrichment strategy was applied to collect and purify MTB from sediments. Briefly, the south pole of a bar magnet was placed on the north side of each microcosm near the water-sediment interface to enrich the MTB. After 1 h of collection, MTB were removed from the bottle and further purified by using the "MTB trap" (8) . The purified MTB cells were then used for genomic DNA extraction and fosmid library construction, the detailed procedures of which have been described previously (8) .
In order to identify fosmids containing 16S rRNA genes of "Ca. Magnetobacterium bavaricum"-like bacteria, highthroughput screens of fosmid library clone pools were performed by PCR using the bacterial universal primer 27F (5Ј-AGAGTTTGATCCTGGCTCAG-3Ј) (14) as the forward primer and a "Ca. Magnetobacterium bavaricum"-specific probe (5Ј-GCCATCCCCTCGCTTACT-3Ј; named BaP in this study) (24) as the reverse primer. Individual clones revealing positive PCR results were subjected to subsequent similar PCR analysis. PCR products of positive clones were sequenced for verification and phylogenetic identification. Finally, five fosmids were identified, completely shotgun sequenced, and characterized by bioinformatic gene prediction, representing a total of 172 kb of genomic information.
Like those of "Ca. Magnetobacterium bavaricum" (9), all fosmids except MY4-5C contained a typical bacterium-like rRNA operon organization that consisted of a 16S rRNA gene, tRNA Ile, tRNA Ala, 23S rRNA gene, and 5S rRNA gene (Fig. 1A) . The sizes of the fosmid inserts were between 30,297 bp and 41,797 bp, while the average GϩC content varied from 45.1% to 50.2% (Table 1) . Between 23 and 35 predicted open reading frames (ORFs) were identified in each fosmid (Fig.  1A) . The majority of ORFs in all fosmids had most-similar orthologs among the Deltaproteobacteria and Nitrospirae ( Table  1 ). The number of ORFs with no significant similarities to protein-encoding genes in the NCBI database (represented by hypothetical proteins in Table 1 ) ranged from 2 to 9 per clone.
FIG. 1. (A)
Organizations of predicted genes located on fosmids MY4-5C, MY3-11A, MY2-1F, MY3-5B, and MY2-3C of "Ca. Magnetobacterium bavaricum"-like bacteria and the fosmid fragment isolated from "Ca. Magnetobacterium bavaricum" (9) . For putative gene functions, see Table S1 in the supplemental material. (B) Neighbor-joining phylogenetic trees of 16S and 23S rRNA genes carried by the fosmids compared to those for other related bacteria. Sequences determined in this study are in blue. GenBank accession numbers are given in parentheses. Numbers at nodes represent bootstrap values (100-fold resampling analyses). Between 0 and 9 genes per clone were identified as potentially encoding transposases. Analyses, using BLAST and clusters of orthologous groups (COGs), of other ORFs revealed that the predicted gene products are mostly involved in cellular processes and metabolism ( Fig. 1A ; see Table S1 in the supplemental material). For example, one predicted protein encoded by fosmid MY3-5B was found to be polysulfide reductase NrfD (Fig. 1A) , an integral transmembrane protein that was thought to interact with menaquinone during electron transfer, suggesting a potential anaerobic respiratory system of this bacterium (11, 23) . Notably, another gene encoding a highly conserved selenophosphate synthetase (SelD) was found adjacent to the 16S rRNA gene on fosmid fragments MY4-5C, MY3-11A, MY2-1F, and MY3-5B (Fig. 1A) ; SelD generates the selenium donor for selenocysteine biosynthesis in bacteria, suggesting the trait of selenium utilization (22) . Furthermore, we found four genes encoding putative fimbrial proteins and type IV pilins on fosmid MY3-11A (Fig. 1A) , which might be involved in pilus biosynthesis (7) . Phylogenetic analysis of the complete 16S and 23S rRNA genes from the fosmids consistently showed a clear relationship with "Ca. Magnetobacterium bavaricum" and known "Ca. Magnetobacterium bavaricum"-like bacteria of the phylum Nitrospirae (Fig. 1B) . Phylogenetic trees of 16S rRNA genes were calculated by using maximum-parsimony and maximum-likelihood methods (data not shown); the trees are identical in topology to the neighbor-joining tree (Fig. 1B) . MTB of the phylum Nitrospirae within this study formed two distinguishable groups (groups 1 and 2), defined by nearly 5% sequence divergence and high bootstrap values (Fig. 1B) . This result is further corroborated by phylogenetic analysis of 23S rRNA genes, which revealed a congruent branching pattern (Fig. 1B) . Clones MY2-1F and MY3-11A contained an overlapping region of 14,507 bp with only two nucleotide mismatches and identical 16S/23S/5S rRNA operons (Fig. 1A) , indicating that these two fosmids were from the same species and assembled into a contig of about 50 kb, which so far represents the largest continuous genomic stretch determined from a Nitrospirae-like MTB. However, the genomic organizations appeared very divergent on other clones, including MY4-5C, whose 16S rRNA , after hybridization with 5Ј-FAM-labeled bacterial universal probe EUB338 (E), and after hybridization with 5Ј-Cy3-labeled probe Mba1000, specific for group 1 of "Ca. M. bavaricum"-like bacteria (F). Only the giant rod-shaped bacteria (J) hybridized with the specific probe Mba1000, whereas the accompanying cells were not stained. (G to I) The same microscopic field after staining with DAPI (G), after hybridization with 5Ј-FAM-labeled bacterial universal probe EUB338 (H), and after hybridization with 5Ј-Cy3-labeled probe Mba1019, specific for group 2 of "Ca. Magnetobacterium bavaricum"-like bacteria (I). Only the coccoid-to-ovoid bacteria containing bullet-shaped magnetosomes (K) were stained with the specific probe Mba1019. Arrows indicate the giant rod-shaped cells as a negative control. Bars (A to I), 50 m.
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MAGNETOTACTIC BACTERIA IN THE PHYLUM NITROSPIRAEgene was 99.98% identical to those of MY2-1F and MY3-11A. This poor conservation may suggest that either multiple rearrangements occurred in these regions (20, 21) or the genomes of "Ca. Magnetobacterium bavaricum"-like bacteria contained more than one 16S/23S/5S rRNA operon. To identify the "Ca. Magnetobacterium bavaricum"-like cells from which sequences originated, two probes (Mba1000 [5Ј-TTATCCTTTCGGACTCCTACCACT-3Ј] and Mba1019 [5Ј-CTCCCTTACGGGAAAGTCGCTCA-3Ј]) deduced from 16S rRNA gene sequences of each group were developed for fluorescence in situ hybridization (FISH) experiments. Most enriched MTB cells detectable with bacterial universal probe EUB338 (1), including giant rod-shaped cells and small coccoid-to-ovoid bacteria, could simultaneously be visualized with probe BaP, which is specific for "Ca. Magnetobacterium bavaricum"-like bacteria ( Fig. 2A to C) . Probe Mba1000, which was designed to specifically detect group 1, exclusively recognized the giant rod-shaped bacteria that had morphology similar to that of "Ca. Magnetobacterium bavaricum" (Fig. 2D to F and J). Thus, these bacteria belong to group 1. Probe Mba1019 was specific for group 2 except for a single mismatch with sequence MY3-5B. Unexpectedly, this probe recognized coccoid-to-ovoid cells with lengths of 1 to 2 m and diameters of 0.5 to 1 m, indicating that these morphotypes also belong to the phylum Nitrospirae (Fig. 2G to I ). These cells contained 4 or 5 braid-like chain bundles consisting of bullet-shaped magnetosomes (Fig. 2K) . However, several coccoid bacteria almost similar in size and shape present in the magnetic collections could not be hybridized by probe BaP, Mba1000, or Mba1019. These cocci might be Alphaproteobacteria MTB that often coexist with "Ca. Magnetobacterium bavaricum"-like bacteria in Lake Miyun as described previously (14) (15) (16) (17) . Transmission electron microscopic analysis demonstrated that these cells had different magnetosome morphologies and arrangements (see Fig. S1 in the supplemental material).
Overall, the metagenomic analysis of "Ca. Magnetobacterium bavaricum"-like bacteria significantly expanded the variety of MTB known to be affiliated within the phylum Nitrospirae. Our data provided new insights into the genomic structure and gene content of "Ca. Magnetobacterium bavaricum"-like bacteria and revealed several putative metabolic functions. Although the 16S rRNA genes were closely related, gene content and synteny of colocalized genes were poorly conserved, indicating a higher diversity of these bacteria within the phylum Nitrospirae than previously expected. In total, 172 kb of genomic information and 141 predicted genes were identified. The COG category assignment showed that the majority of genes in the five fosmids encode proteins that are involved in cellular processes, metabolism, and signal transduction. Our approach for targeted genome analysis presented here, with the addition of future work, will help to elucidate the putative physiologies and ecological roles of these intriguing, deepbranching, and yet-uncultured bacteria.
Nucleotide sequence accession numbers. GenBank accession numbers for the five fosmids sequenced in this study are HM454279 to HM454283.
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